Hematopoietic myeloid progenitors released into the circulation are able to promote vascular remodeling through endothelium activation and injury. Endothelial injury is central to the development of pulmonary arterial hypertension (PAH), a proliferative vasculopathy of the pulmonary circulation, but the origin of vascular injury is unknown. In the present study, mice transplanted with BM-derived 
Introduction
Vascular endothelial injury with in situ thrombi is a typical pathologic finding in pulmonary arterial hypertension (PAH). Progressive disease is characterized by complex vascular malformations composed of disorganized proliferating monoclonal endothelial cells with neointima formation. 1 Although endothelial injury is hypothesized to account for the origins of PAH, the underlying mechanism of the vascular injury is unknown. Hematopoietic myeloid proangiogenic progenitors play a central role in endothelial injury and repair. We and others have reported that distinct [2] [3] [4] or indolent 5 myeloid abnormalities are present in the BM of the majority, if not all, of patients with PAH and even in unaffected family members 5 in familial cases of the disease. These findings and the unexplained high incidence of PAH among patients with myeloproliferative diseases 6, 7 suggest a myelopulmonary pathophysiologic link. In support of this concept, competent hematopoietic progenitors are required for disease development in the monocrotaline-or hypoxia-induced murine models of pulmonary hypertension, and BM transplantation can transfer disease to healthy naive mice. 8 In contrast to developmental origins of blood cells and vascular endothelium from the common hemangioblast, hematopoietic stem cells in the adult do not differentiate into endothelium, but rather promote postnatal angiogenesis and homeostasis in a paracrine fashion. [9] [10] [11] [12] In the hierarchy of adult hematopoietic stem cell differentiation, a small pool of pluripotent, BMresident stem cells exhibit self-renewal and long-term survival. 13 These stem cells proliferate and differentiate into relatively shortlived multipotent progenitors that give rise to common lymphoid and common myeloid progenitors. Common lymphoid progenitors further differentiate into B-or T cell-committed precursors. The common myeloid progenitors proliferate and differentiate into bipotent common erythroid/megakaryocyte progenitors and into multipotent monocyte/granulocyte progenitors. These lineagerestricted myeloid progenitors differentiate into mature blood cells via unilineage-committed intermediate precursors. The hierarchy of proliferation and differentiation is at each bifurcation strictly regulated by lineage-specific transcription factors. 13 In the BM, the cell-surface glycoprotein CD133 is highly expressed on immature progenitors, allowing CD133 expression to define the population of hematopoietic progenitors. Functional analysis of human BM-derived CD133 ϩ cells indicates that this fraction is enriched in primitive multilineage hematopoietic stem cells. 14 Early outgrowth proangiogenic progenitors or colony forming-unit-endothelial cells (CFU-ECs), which are enriched in myeloid progenitors, 9 also express CD133. 10 Intriguingly, CD133 ϩ cells are detected consistently and in greater numbers in vascular lesions in PAH compared with control lung tissue 15, 16 and in endarterectomized tissue from patients with chronic thromboembolic pulmonary hypertension. 17 Furthermore, PAH patients are characterized by higher than normal levels of circulating subsets of the BM-derived CD133 ϩ progenitors. 5, 10, 18, 19 However, mobilization and recruitment of BM progenitors also occurs in response to vascular injury as part of the repair process. Therefore, it is unclear whether the BM-derived progenitor cells are mobilized in response to vascular injury to participate in vascular repair or if the cells are part of the underlying pathogenesis of vascular injury. We hypothesized that CD133 ϩ BM stem cells promote vascular injury and tested the hypothesis in the present study by transplanting BM from PAH patients and healthy controls to mice using a xenograft model.
Methods

Study population
Patients with idiopathic PAH (Class 1.1) or a familial form of PAH (Class 1.2) were enrolled in the study. Healthy, nonsmoking volunteers with no known disease and receiving no medications were recruited as controls. BM aspirates were collected and processed within 6 hours of collection. Germline BMPR2 and Caveolin-1 mutations were analyzed as described previously. 10, 20 Clinical information on all PAH patients, including pulmonary artery pressures from right heart catheterization, were available from medical history and records. The study was approved by the institutional review board of the Cleveland Clinic, and written informed consent was obtained from all individuals in accordance with the Declaration of Helsinki.
Hematopoietic transcription factor expression analysis
RNA was extracted using the RNeasy kit (QIAGEN), then labeled and hybridized to Illumina HT-12 arrays. Data were analyzed using Genespring GX software (Agilent Technologies). For real-time PCR validation, 500 ng of RNA was reverse transcribed using random primers and Superscript III (Invitrogen). Quantitative PCR was performed in triplicate reactions using QuantiTect SYBR Green mastermix (QIAGEN) and results were normalized to GAPDH.
NOD-SCID engraftment
Mononuclear cells were obtained from BM aspirates by centrifugation on Ficoll-Paque Plus gradient (Amersham Biosciences) and CD133 cells were purified by double MACS separation for CD133 using MACS CD133 isolation kit (Miltenyi Biotec). Purity of sorted cells was checked by flow cytometry after staining with PE-antibiotin Abs (Miltenyi Biotec) and was Ͼ 95%. Female immunodeficient NOD-SCID mice (The Jackson Laboratory) were injected with approximately 400 ϫ 10 3 sorted CD133 cells after whole-body irradiation (325cGy) using a cesium source of radioactivity. After 6 weeks or when animals became morbid (hunched posture, ruffled fur, and hypoactive for Ͼ 48 hours), mice were bled and organs were collected for analysis. BM cells were isolated and used for flow cytometry after RBC lysis. The occurrence of adverse events was judged by independent veterinary technicians blinded to study groups. Animals were housed in pathogen-free conditions using micro-isolator cages. All animal experiments were performed in accordance with applicable regulations after approval of the institutional animal care and use committee of the Cleveland Clinic.
Flow cytometry
Engraftment and differentiation of CD133 ϩ cells into NOD-SCID BM were analyzed using anti-human CD45-PE, CD117-PE, CD19-PE, CD33-PE, and CD71-FITC (eBiosciences) and CD34-FITC and CD41a-FITC (BD Biosciences) Abs. BM cells were isolated from NOD-SCID vertebrae and hind legs. RBCs were lysed using ammonium chloride lysis solution. Cells were preincubated with Fc block to eliminate nonspecific Ab binding, which was followed by staining for human CD45, CD34, CD133, CD41a, CD33, and CD14. At least 100 000 events were acquired on a FACScan flow cytometer and stored as list mode files. Mononuclear cells were gated in a lymphoblastoid region on forward/side scatter dot plots and percentages of human cells in this gate were determined on histograms. Naive, nonengrafted NOD-SCID mice BM cells were stained as negative controls for gating.
Hematopoietic colony-forming cell assay
In vitro hematopoietic colony formation by sorted CD133 ϩ cells was analyzed using complete human colony-forming cell Methocult medium (StemCell Technologies) according to the manufacturer's instructions. Colonies were scored at day 14.
VWF ELISA
Plasma levels of VWF were determined by ELISA. 96-well ELISA plates (BD Biosciences) were coated overnight at 4°C with 15 g/mL of polyclonal anti-VWF (DAKO) in PBS. Before use, plates were washed with 0.1% Tween 20 in PBS. Plasma from naive C57Bl/6 mice were used as a standard and defined as 1 unit of VWF antigen/mL. Wells were blocked with 3% BSA in PBS, followed by incubation with standards and samples (100 L/well). Peroxidase-conjugated rabbit-anti-VWF (DAKO) was used as the detection Ab. Each incubation step was for 1 hour at 37°C, followed by 4 washing steps in 0.1% Tween 20 in PBS. Reactivity was visualized by 3,3Ј,5,5Ј tetramethylbenzidine (100 L/well; Sigma-Aldrich) incubation for 10 minutes in the dark and the reaction was stopped by adding 1N HCl. VWF levels were determined on an ELISA plate reader (Molecular Devices) at a 450-nm wavelength.
Immunohistochemistry
Organs were fixed in 10% formalin and BM samples were decalcified in decalcifying solution (Thermo Scientific) before processing and paraffin embedding. Then, 5-m sections were stained with H&E, anti-human ␤2 microglobulin, VWF (DAKO); ␣ smooth muscle-actin (Abcam); and anti-human MHC-I (Epitomics). For VWF, antigen retrieval was performed by pretreatment with proteinase K. Immunoreactivity was detected by diaminobenzidine and hydrogen peroxidase using an automated biotinavidin peroxidase system (Ventana-320-ES; Ventana Medical Systems). Secondary Ab alone was used as a negative control. Nitrotyrosine was detected using rabbit anti-nitrotyrosine polyclonal Abs (Millipore). Staining was performed on a Benchmark automated immunostainer (Ventana Medical Systems) using a Ventana iVIEW DAB Detection kit minus the provided secondary. Instead, vector goat anti-rabbit biotinylated secondary Ab (Vector Laboratories) was used. Control studies with excess free 3-nitrotyrosine demonstrated nitrotyrosine staining of tissues was specific. All immunostained sections were counterstained with hematoxylin. Slides were masked and then analyzed by a pathologist. Microvessel density was quantified as described previously. 21 
Protein-bound nitrotyrosine and chlorotyrosine analyses
Protein-bound oxidized amino acids were quantified by stable isotope dilution liquid chromatography-tandem mass spectrometry on a triple quadrupole mass spectrometer (API 4000; Applied Biosystems) interfaced to an Aria LX Series HPLC multiplexing system (Cohesive Technologies) as described previously. 22 Briefly, after protein precipitation and desalting/ delipidation, known amounts of synthetic [ 13 C 6 ]ring-labeled standards of 3-chlorotyrosine and 3-nitrotyrosine were added to samples and used as internal standards for quantification of natural abundance protein-bound analytes. Simultaneously, known amounts of universal labeled precursor amino acid [ 13 C 9 , 15 N 1 ]tyrosine was also added to monitor for possible artifactual formation of nitrotyrosine during sample processing. Proteins were hydrolyzed under argon atmosphere in methane sulfonic acid and hydrolysates passed over mini solid-phase C18 extraction columns (Supelclean LC-C18-SPE mini column; 3 mL; Supelco) before mass spectrometry analysis. Results are reported as the content of the precursor amino acid tyrosine, which was monitored within the same injection. Intrapreparative formation of both 3-nitro[ 13 C 9 , 15 N 1 ]tyrosine and 3-chloro[ 13 C 9 , 15 N 1 ]tyrosine was routinely monitored and negligible (ie, Ͻ 5% of the level of the natural abundance product observed) under the conditions used.
Cardiac myocyte stereologic and planimetric analysis
Formalin-fixed and paraffin-embedded histologic sections of mouse right and left ventricular tissue were stained with fluorescein-labeled wheat germ agglutinin to identify myocyte cell membranes (1:500; Vector Laboratories), tetramethyl rhodamine iso-thiocyanate-labeled lectin from Bandeiraea simplicifolia to identify vascular structures (1:100; Sigma-Aldrich), and DAPI for nuclear identification. The identity of the slides was masked. A total of 12-15 images at 40ϫ magnification were randomly captured for each sample. Each of the 3 component colors of the images were individually thresholded using Metamorph Version 6.3 software (MDS BLOOD, 9 AUGUST 2012 ⅐ VOLUME 120, NUMBER 6 For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Analytical Technologies) to demarcate structures of interest (ie, myocytes, vessels, and nuclei). Stereologic analysis was performed by projecting the thresholded images onto a grid of 216 points and counting the number of points intersecting with each tissue component. Planimetric analysis of the myocyte cross-sectional area was performed by determining the crosssectional area of all myocytes within the image, requiring the length-tobreadth ratio for each be Յ 2 to ensure that transverse cross-sections were close to a circular profile.
Mycoplasma PCR and plasma endotoxin levels
Mycoplasma was evaluated using the VenorGeM R PCB-based Mycoplasma detection kit (Sigma-Aldrich). Plasma endotoxin levels were detected using the Charles River Endosafe Endotoxin Portable Test System consisting of a hand-held spectrophotometer and a cartridge with limulus amebocyte lysate (LAL), control standard endotoxin (CSE), and synthetic substrate for benchtop chromogenic analysis, all dried into a single-use cartridge. Each lot of cartridges had a precalculated control standard endotoxin reaction time curve already programmed into the system. Once the lot number of the cartridge being used was entered into the portable test system, the reader calculated the result based on the preprogrammed standard curve reaction times.
Statistical analysis
The JMP Version 5.1 software program was used for data analysis. The Student t test or ANOVA were used for comparisons of parametric data and the Wilcoxon test was used for comparison of nonparametric data, as appropriate. The Kaplan-Meier method was used for event-free survival analysis. P Ͻ .05 was considered significant. Results are expressed as means Ϯ SEM.
Results
Study population
BM was obtained from 13 patients with PAH, including 2 idiopathic PAH and 11 heritable PAH patients from 4 families (age 44 Ϯ 4 years, mean pulmonary artery pressure 64 Ϯ 2 mmHg, 10 female and 3 male, all white; Table 1 ) and from 6 unrelated healthy control volunteers (age 43 Ϯ 5 years, 4 female and 2 male, 1 Asian, 2 black, and 3 white). Subjects had normal circulating blood cell numbers as described previously. 5 The presence of germline bone morphogenetic protein receptor 2 mutation, which is most often present in cases of familial PAH, and germline caveolin-1 mutation were determined as described previously. 10, 20 Caveolin-1 is a scaffolding tumor suppressor gene that modulates nitric oxide synthesis in endothelial cells. Mice with genetic deletion of caveolin-1 develop pulmonary hypertension, particularly when exposed to hypoxia, but mutations in human PAH have only been identified recently. 20 Altogether, 19 BM transplantations were performed to create humanized NOD-SCID mice (The Jackson Laboratory). BM cells were also evaluated ex vivo for their capacity for hematopoietic colony formation and expression of hematopoietic transcription factors.
PAH CD133 ؉ cells are enriched in myeloid colony-forming cells
MACS-purified CD133 ϩ cells were seeded on semisolid hematopoietic colony-forming medium to identify differentiation potential to various lineages. Typical colonies were scored after 14 days. PAH BM CD133 ϩ cells gave rise to more colonies (Table 2) . Consistent with previous studies, there were low numbers of unilineage colonies of burst-forming unit-erythroid or CFU-macrophage in the CD133 fractions 14 and no significant differences between controls and PAH were found. However, there were significantly higher numbers of multilineage colonies of CFU-granulocyte, erythrocyte, monocyte, megakaryocyte and CFU-granulocyte, monocyte from CD133 ϩ PAH patients compared with healthy controls (Table 2 ). This indicated that there were more multipotent progenitors and greater myeloid commitment among CD133 ϩ BM stem cells in PAH patients.
Increased expression of myeloid-erythroid specific transcription factors in PAH BM
Studies in cell lines have shown that lineage-restricting transcription factor expression and antagonism tightly regulate hematopoietic progenitor cell differentiation. 13 Although the presence of GATA-1, and potentially other hypoxia-relevant genes, may influence lineage differentiation, data are lacking for effects in primary cells. Therefore, functional evidence of lineage-skewed differentiation of the human primary stem cells was provided by colony assays. Expression of myeloid transcription factors in PAH was quantified by gene-array analysis (Table 3 ) and confirmed by real-time PCR (Table 4) . GATA1, the common erythroidmegakaryocyte lineage-determining transcription factor, and the erythroid-specific transcription factor EKLF were significantly higher in PAH BM. Increased GATA1/PU.1 ratio in PAH revealed that the common myeloid progenitor in PAH is skewed toward erythroid-megakaryocyte commitment. The greater EKLF/Fli ratio in PAH patients showed further downstream skewed differentiation Figure 1A) , and this was validated by visualization of cells using humanspecific MHC-I immunostaining ( Figure 1B) . Consistent with greater engraftment, human CD133 ϩ progenitors were present at higher levels in the circulation of PAH progenitor-engrafted mice compared with control progenitor-engrafted animals ( Figure 1C ). CD34, which is expressed on human hematopoietic and vascular progenitors, was also detectable on progenitor cells; the CD34 ϩ CD133 ϩ progenitor subset was detected at higher levels in the BM of mice xenografted with PAH samples compared with mice xenografted with control samples ( Figure 1C ). Among the PAH subgroups, progenitor cell subpopulations were the highest in the mutation-negative group (CD34 ϩ CD133 ϩ progenitors: mutationnegative 5.9% Ϯ 1.2%; BMPR2 mutation, 0.56% Ϯ 1.0%; caveolin-1 mutation, 2.4% ϩ 1%; P ϭ .03 by ANOVA; CD34 ϩ progenitors: mutation-negative, 21.2% Ϯ 3.9%; BMPR2 mutation, 5.8% ϩ 3.4%; caveolin-1 mutation, 6.7% Ϯ 3.4%; P ϭ .03 by ANOVA; CD133 ϩ progenitors: mutation-negative, 8.5% ϩ 2%; BMPR2 mutation, 1.5% Ϯ 1.7%; caveolin-1 mutation, 4.9% Ϯ 1.7%; P ϭ .08 by ANOVA). Analysis of hematopoietic lineages showed similar B-cell (CD19) and megakaryopoietic (CD41a) lineages (not shown), but greater differentiation to myelocytic (CD33) and erythroid (CD71) cells in recipients of PAH cells ( Figure 1D ). There was no difference in the expression of these lineage antigens among the different PAH subgroups (all P Ͼ .05).
PAH CD133 ؉ xenograft leads to lung endothelial injury and widespread in situ thrombosis in NOD-SCID mice
Histologic examination of organs revealed widespread vascular injury in 9 of the 13 mice that were engrafted with the PAH progenitors and in none of the 6 mice receiving progenitors from the healthy control group (P ϭ .001 by 2 test; no significant differences among PAH subgroups, P ϭ .23). Numerous thrombi were present in large and small vessels of the lungs (Figure 2) , with BFU-E indicates burst-forming unit-erythroid; CFU-M, CFU-macrophage; CFU-GM, CFU-granulocyte, monocyte; CFU-GEMM, CFU-granulocyte, erythrocyte, monocyte, and megakaryocyte. *P Ͼ .05. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From pathologic evidence of endothelial cell damage ( Figure 2F ,H) and organized thrombi with recanalization ( Figure 2I-J) . The presence of thrombi is consistent with remodeling events in human PAH lungs ( Figure 2D-E) . Thrombi were also prominent in the ventricle with resultant ischemia and infarction ( Figure 2L-M) . Six of the PAH-engrafted mice among all PAH subgroups had massive disseminated in situ thrombi formation, mainly in the lungs, but also in other organs such as heart and kidney ( Figure 2N ). Pulmonary vascular smooth muscle cell hypertrophy, analyzed by planimetric analysis of transverse cross-sectional blood vessels, was observed in some animals ( Figure 2O-R) , but significance was not reached in a group comparison between control and PAH recipients. Among the PAH subgroups, however, smooth muscle cell hypertrophy was significantly higher in the caveolin-1 mutation group (media thickness/external vessel diameter: mutationnegative, 0.10 Ϯ 0.01; BMPR2 mutation, 0.16 Ϯ 0.01; caveolin-1 mutation, 0.20 Ϯ 0.01, P Ͻ .001 by ANOVA). In analogy to the human situation, right ventricular hypertrophy assessed histologically as myocyte volume relative to tissue was increased significantly in PAH recipient mice ( Figure 3A-C) , which identified pathologic right ventricular hypertrophy and was equally distributed among PAH subgroups. Myocyte/tissue ratio of the left ventricle and septum were similar among PAH and control engrafted mice. Lung, heart, and liver microvessel density of engrafted mice was analyzed to assess angiogenic capacity of the engrafted CD133 ϩ cells. The microvessel density of heart and liver was similar among groups, however, lungs of mice that received the PAH progenitors had more than 2-fold higher numbers of vessels than control engrafted mice ( Figure 3D-E) .
Endothelial cell injury was also assessed by measuring plasma VWF, which is rapidly released from endothelial cells after any perturbation. As expected, irradiation led to endothelial injury, as evidenced by the significant increase of plasma levels of VWF after irradiation compared with naive mice (plasma VWF in naive mice, 0.32 Ϯ 0.03 u/mL; 6 hours after irradiation, 0.55 Ϯ 0.08 u/mL, P ϭ .03). The plasma VWF was significantly higher in the PAH recipient mice ( Figure 3F ) but was not different among PAH subgroups. There was a correlation between lung microvessel density and plasma VWF (R 2 ϭ 0.73, P ϭ .003). Lung microvessel density was also correlated with the numbers of PAH CD133 ϩ stem cells engrafted to the NOD-SCID BM (R 2 ϭ 0.71, P ϭ .005), as well as the numbers of CD34 ϩ CD133 ϩ cells in the BM (R 2 ϭ 0.54, P ϭ .02) and circulating CD133 ϩ cells (R 2 ϭ 0.55, P ϭ .05).
Endothelial dysfunction is fundamental to the pathogenesis of PAH. 1, 23 Reactive oxygen species, generated by reactive species produced by activated endothelium and leukocytes, are central to pathogenic mechanisms of vascular diseases. 22, 24 Myeloperoxidase (MPO), a heme peroxidase stored within the azurophilic granules of leukocytes including neutrophils and monocytes, is a primary enzyme source of leukocyte-generated oxidants and is a participant in vascular injury. 24 MPO uses H 2 O 2 as a cosubstrate to oxidize chloride or nitrite, resulting in the formation of halogenating or nitrating oxidants that can react with protein tyrosine residues to produce nitrotyrosine and chlorotyrosine, the latter being a specific marker of MPO-catalyzed oxidation. 24 Mass spectrometry quantification of protein bound chlorotyrosine and/or nitrotyrosine has been used as an indicator of chlorinating and reactive nitrogen species formed by activated leukocytes during vasculopathic processes. 24 MPO can lead to endothelial dysfunction in part because of consumption of nitrite and depletion of NO. 25, 26 MPO released by leukocytes infiltrating the vascular wall or bloodderived MPO released by circulating leukocytes can bind to and remain active in the vascular wall for long periods of time, even after leukocytes are no longer present and/or activated. 27 Moreover, posttranslational modification of proteins can be long-lived adducts, making detection of MPO-catalyzed oxidation biomarkers such as chlorotyrosine and nitrotyrosine a sensitive and specific way to identify sites of leukocyte activation and potential participation in vascular injury. In the present study, xenograft of PAH BM stem cells led to circulating human leukocytes and the development of endothelial dysfunction evidenced by widespread in situ thromboses, although infiltrating human leukocytes were not appreciable on pathologic sections. Therefore, nitrotyrosine and chlorotyrosine were investigated to determine whether reactive oxidant species formed by activated leukocytes contribute to the molecular mechanisms of the endothelial injury. Recipients of PAH CD133 ϩ stem cells had pulmonary vascular nitrotyrosine positivity on immunostaining, which was in contrast to mice xenografted with healthy control cells ( Figure 3G ). Quantification of protein nitrotyrosine and chlorotyrosine by mass spectrometric analysis revealed higher levels in the PAH group compared with the mice receiving control BM (Figure 3H-I ; nitrotyrosine/tyrosine: healthy control recipients, 17 Ϯ 4 mmol/mol; PAH recipients, 106 Ϯ 27 mmol/mol, P ϭ .04; chlorotyrosine/tyrosine: healthy control recipients, 82 Ϯ 18 mmol/mol; PAH recipients, 168 Ϯ 35 mmol/mol, P ϭ .007). The presence of chlorotyrosine confirmed MPO, and thus leukocytes, as a source of reactive oxidant species formation within the vessel wall in PAH patients.
Engraftment of PAH CD133 ؉ cells leads to morbidity of NOD-SCID mice
In the PAH-engrafted group, 8 of 13 mice developed adverse events (hunched posture, ruffled fur, and hypoactive for Ͼ 48 hours) and were euthanized before the 6-week end point of the study. In contrast, none of the 6 healthy control progenitor recipients showed signs of adverse events. Event-free survival was significantly lower for PAH recipient mice ( Figure 3I ). Among the PAH subgroups, recipients of cells with mutation-negative or with caveolin-1 mutations had the greatest morbidity. Mycoplasma infection as determined by PCR and plasma endotoxin levels were undetectable, indicating that adverse events were not likely to be due to microorganism infection of the immunodeficient mice. To ascertain that morbidity was related to CD133 ϩ cells, some mice were engrafted with PAH BM CD133 Ϫ cells (n ϭ 3) or injected with 100 L of PAH BM plasma (n ϭ 3). All of these mice survived with no adverse events over the 6 weeks.
Discussion
Human BM-derived CD133 ϩ stem cells support vascular health, but can also participate in pathologic vascular remodeling in some model systems. 28, 29 In the present study, transplantation of PAH BM-derived CD133 ϩ cells to immunodeficient mice caused morbidity due to vascular injury, thromboses, and right ventricular hypertrophy. These findings establish a causal role of hematopoietic stem cells in PAH (Figure 4) .
The in situ thromboses and high levels of VWF suggest that the myeloid cells caused endothelial injury. A multimetric glycoprotein stored in the Weibel-Palade bodies of endothelial cells and, in smaller amounts, in the ␣ granules of platelets, VWF is released from storage granules on endothelial perturbation into the circulation. Therefore, VWF is an important indicator of endothelial injury and is a mediator of thrombus formation via initiation of platelet adhesion, aggregation, and activation of the coagulation cascade. 30 The endothelial injury findings in the xenograft model parallel findings in patients. Plasma levels of VWF are increased PAH patients and serve as an independent prognostic factor for reduced patient survival. 31, 32 However, in contrast to findings of CD133 ϩ cells in vascular lesions in human PAH lungs, [15] [16] [17] lungs of CD133-engrafted animals had rare or no incorporated human cells, suggesting that PAH CD133 ϩ cells had paracrine effects in this immunodeficient model. The presence and enrichment of proteinbound chlorotyrosine, a specific oxidation product formed by MPO, 24 identify activation of myeloid cells in the mechanisms of the vascular injury. However, the subset of cells causing the injury, the progenitors or their progeny, remains to be determined. Likewise, although myeloid cells are implicated by detection of MPO oxidation products, it is currently unknown whether other progenitor-derived molecules or organelles may be transferred, for example, by microvesicles, active transport, or cell fusion.
In animal models of PAH, thrombosis and endothelial cell injury are consistent findings. 33 Endothelial cell alterations and endothelial cell injury are currently accepted as one of the underlying mechanisms of PAH. 34 However, it is still unclear whether the pulmonary vascular disease arises from underlying myeloproliferative disease or if the pulmonary vascular disease leads to a myeloproliferative BM that fuels endothelial injury and the proliferative angiopathy. In support of the latter notion, BM precursors acquire an aberrant angiogenic phenotype in parallel to development of PAH in mouse models of hypoxiainduced pulmonary hypertension. 8, 35 Conversely, hypoxia-inducible factor-1␣ signal transduction in the pulmonary vascular endothelium is a recognized molecular mechanism in PAH, 36 and a recent study showed increased levels of hypoxia-inducible myeloid proliferative factors in the circulation of patients with PAH, some of which are produced by the pulmonary vascular endothelium. 5 Hypoxia-inducible factors instruct the myeloid-erythroid differentiation of hematopoietic stem cells 37 via induction of transcription factor GATA-1. 38 Therefore, high levels of myeloid proliferative factors in PAH may select for specific lineages of myeloid progenitors, which then become predominant in the BM. There are limitations to the xenograft model. Inflammation is an important component of vascular remodeling, 1, 34, 39, 40 and thus the effects of xenografted PAH CD133 ϩ cells may be blunted in the immunocompromised mouse model. However, under immunocompetent conditions, interactions between the hematopoietic progenitors and inflammatory cells are more likely to cause more profound vascular injury. 41 Irradiation, as used in this xenograft model to allow transplantation and engraftment of human cells, can cause injury of pulmonary endothelial cells. 42 In 1 case, lung irradiation in rats resulted in disruption of the endothelium in the pulmonary vasculature, followed by vascular remodeling and PAH. 43 Interestingly, this effect was not seen in mice receiving control BM cells. The pulmonary vasculature is the first capillary bed that the CD133 ϩ cells encounter after IV injection. Others have reported that hematopoietic stem cells are trapped in the lungs after injection 44 and/or that BM-derived proangiogenic cells home specifically to the lungs after IV administration. 45 In this context, the control stem cells may have been beneficial to the mice in the present study, whereas the PAH CD133 ϩ cells may have exacerbated endothelial injury caused by irradiation. Chemotherapy-or radiotherapy-induced lung injury is a major complication associated with BM hematopoietic stem cell transplantation. 46 More than 1 in 10 patients develop a life-threatening idiopathic pneumonia syndrome related to widespread lung endothelial cell injury. In rare cases, the patients develop PAH. 47 Our present data show that healthy control CD133 ϩ progenitors are able to restore the endothelial injury. In contrast, PAH CD133 ϩ progenitors aggravated injury to the lung endothelium. Monocrotaline, an alkaloid used in animals to induce experimental pulmonary hypertension, is an endothelial toxin. In this model, surviving rats eventually die of widespread thromboses and renal failure. 48 Indeed, thromboses are an essential part of the natural history of PAH, as evidenced by the first pathologic descriptions of lung tissue from PAH patients obtained at autopsy. 49 Therefore, nearly all PAH patients benefit from anticoagulant therapy, which prolongs lifespan. The results of the present study indicate that targeting BM-derived CD133 ϩ cells may also reduce, and perhaps even reverse, the ongoing endothelial injury and thromboses that lead to the progressive pulmonary remodeling and ultimately heart failure and death.
